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Listening to Remotely Monitored Home-based Preferred Music for Pain in Older Adults
with Low Back Pain: A Pilot Study of Feasibility and Acceptability
Setor Kofi Sorkpor, PhD(c), MPH, MSN, RN-BC
August, 2022
Abstract
Background: Low back pain (LBP) is a complex, multifaceted, and widespread
condition that impairs the quality of life of older adults aged 65 years or older. Although
nonpharmacologic interventions informed by the biopsychosocial model are
recommended as first-line therapy for LBP, pharmacologic therapies, including opioids,
are commonly used as first-line interventions in practice. This could be attributed to a
lack of understanding of the analgesic properties of most nonpharmacologic
interventions. Nonetheless, some nonpharmacologic therapies, such as passive music
listening, have been shown to modulate pain via pathways that target the
neurophysiological mechanisms associated with pain.
Specific Aims: The specific aims were to determine: (1) the feasibility and acceptability
of listening to one’s preferred music to relieve pain in older adults with LBP, aged 65
years or older, and (2) if music reduces pain and affects pain-related physiological
markers such as cerebral hemodynamic response to experimental pain, as measured by
function near-infrared spectroscopy (fNIRS), heart rate variability (HRV), and
conditioned pain modulation (CPM).
Methods: This was a single-center, single-arm, open-label study. Twenty communitydwelling older adults (≥ 65 years) with LBP were recruited to use noise-isolating
iv

headphones to listen to their preferred style of music for 20 minutes twice daily for four
days using the MUSIC CARE® app. Feasibility was measured by tracking enrollment,
adherence, attrition rates, and acceptability (measured by the treatment acceptability and
preference scale). Average daily clinical LBP scores as well as other pain-specific
physiological markers; fNIRS, HRV, and CPM were collected at baseline and postintervention. Repeated-measures ANOVA, a general linear model based on
autoregressive iteratively reweighted least squares (AR-IWLS), and custom Python codes
were used to evaluate clinical pain, fNIRS, and HRV data respectively. The Wilcoxon
signed-rank test was run on the CPM data as it violated the test of normality.
Results: Feasibility measures of enrollment, adherence, and attrition rates were 95.25%
100.00%, and 0.00%, respectively. When compared to baseline measurements,
acceptance rates were higher after the intervention. Pain scores on the numeric rating
scale (NRS) for pain decreased marginally but non-significantly from baseline to postintervention. The physiological measures (fNIRS, HRV, and CPM) revealed that
treatment has the potential to reduce pain.
Conclusion: These findings suggest that listening to preferred music for 20 minutes
twice a day for four days is a feasible and acceptable intervention for reducing pain in
older adults with LBP, aged 65 years or older. Also, listening to preferred music at home
resulted in marginal but nonsignificant reductions in clinical pain sensitivity (NRS).
Furthermore, the effects of listening to preferred music on pain were evident in the
selected pain-related physiological markers, implying that these markers may be
investigated as pain assessors in future studies. Future large randomized and ethnically
diverse studies should investigate the underlying mechanism of music-induced analgesia.
v

Keywords: music listening, conditioned pain modulation, functional near-infrared
spectroscopy
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Summary of Study

The purpose of this study was to determine the feasibility, acceptability, and
preliminary efficacy of listening to one's preferred kind of music to relieve pain in older
adults aged 65 years or older with low back pain. This study used physiological pain
biomarkers as well as well-established pain metrics to assess the severity of pain.
Although the study protocol was approved in the fall of 2020, it was not launched until
the spring of 2021, due in part to unexpected circumstances caused by the COVID-19
pandemic. Because this was primary research that required participants to come into the
lab twice, the COVID-19-related suspension of participant recruitment contributed to the
delay in initiation.
Prior to submitting the protocol to the IRB for approval, the following significant
changes were made.
1. The design was changed from an observational study to a longitudinal
study.
2. The objectives of the study were revised.
3. The intervention was carried out using the MUSIC CARE app.
These modifications were required to improve the study's robustness because
longitudinal studies are better suited to provide the influence of time on the outcome
variable of pain. The objectives of the study were revised to make them clearer, and the
use of the MUSIC CARE app was necessary to ensure that the intervention was
consistent throughout. The study was carried out according to the approved protocol.
Except for one additional change that required a protocol deviation to be filed with the
IRB. This modification was required to gain the trust of study participants. The original
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protocol called for real-time monitoring of participants while they listened to the music
intervention; however, early trial participants expressed dissatisfaction with being
watched on camera while trying to relax and perform the intervention in the comfort and
privacy of their homes. To preserve the dignity and privacy of the participants, all of
whom were elderly, the protocol was modified to exclude real-time remote monitoring.
To ensure that the study protocol was followed, the number of sessions individuals
participated in each day was remotely monitored. Reminders were sent if the first section
of the day was not completed by 11:00 a.m., and the second section was not completed
by 9:00 p.m.
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The Effects of Preferred Music on Selected Pain Physiological Parameters in Older
Adults with Low Back Pain: An Open-Label Pilot Study of Feasibility and Acceptability
Study Proposal
Abstract
Introduction: Low back pain (LBP) is a complicated, multidimensional and
universal phenomenon that impacts the quality of life of older adults 65 years and above.
LBP is one of the leading causes of functional limitation and disability in older adults age
65 years and above. LBP is estimated to be among the most common reasons for
physician visits in the United States, with an annual cost estimated to be in the excess of
90 billion United States Dollars. It is, therefore, imperative to explore more efficient
means of treating LBP. The current treatment guidelines for non-specific LBP
recommends the use of nonpharmacologic interventions informed by the biopsychosocial
framework as initial treatment. Notwithstanding the evidence, the routine use of
pharmacologic treatment including opioids as initial treatment for LBP is more common
in practice. However, this anecdotal use of prescription opioids has recently been a
subject of national discussion prompting the need for a shift toward the recommended
nonpharmacologic treatment for LBP. Music listening is one such promising painreducing nonpharmacologic intervention that is hypothesized to modulates pain by
stimulating the release of endogenous opioids to trigger activation of the descending pain
modulation system to inhibit the nociceptive stimulus centrally in the brain stem and
spinal cord. This study seeks to examine the feasibility, acceptability and preliminary
efficacy of listening to preferred music on experimental pain in older adults age 65 years
and above with LBP

5
Method: This is a single-center, open-label, single-arm, cross-sectional study
aiming to examine the effect of passive music listening intervention on pain through
objective assessment of pain-related physiological parameters in older adults 65 years of
age and older with LBP. Thirty community-dwelling older adults ≥ 65 years of age with
LPB will be randomized into the music group and sham music group. Each participant
will take part in one visit during which all measures will be obtained. Participants will
undergo baseline testing: a measure of cortical activation using nears infrared
spectroscopy, heart rate variability, and conditioned pain modulation. Participants in each
group will then be exposed to listen to 30-minutes of intervention based on group
allocation. Twenty minutes into the intervention a repeated measure of all baseline
parameters will be assessed again. The primary outcome will be the difference between
physiological changes taken at baseline and during the intervention as measured by
function near-infrared spectroscopy.
Discussion: This study will delineate the neuromodulatory effects of music
listening on selected physiological components of pain. It builds on prior research aimed
at identifying effective nonpharmacologic interventions to reduce pain in older adults
with LBP. The outcome from this study will inform future studies aimed at understanding
the effective dose, frequency, and the underlying mechanisms behind the analgesic
properties of passive music listening.
Keywords: Conditioned pain modulation; functional near-infrared spectroscopy; hear
rate variability, music listening
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Specific Aim
With the recent shift in demographics, there has been a significant increase in the
aging population across the world including the United States (Roberts, Ogunwole,
Blakeslee, & Rabe, 2018). Subsequently, this has led to an increase in the number of
various health challenges confronted by older adults of which, low back pain (LBP) is
one. LBP is typically defined as pain that manifests between the lower rib margins and
the buttock creases (Hartvigsen et al., 2018). LBP is one of the leading causes of
functional limitations, disability, and a decrease in quality of life in older adults aged 65
years and older (Hoy et al., 2014; Vos et al., 2017). LBP is estimated to be among the
most common reasons for physician visits in the United States (Qaseem, Wilt, McLean,
& Forciea, 2017) and a leading cause of years lived with disability (GBD, 2018). The
annual cost associated with LBP in the United States is estimated to be in the excess of
90 billion United States dollars, with a third of this amount spent on older adults (≥ 65
years) older (Dieleman et al., 2016).
Non‐specific LBP, which is defined as LBP with no recognizable pathology is the
most prevalent type of LBP (Saragiotto et al., 2016). For this type of LBP, the existing
clinical guidelines recommend interventions that ate informed by the biopsychosocial
framework, such as the use of nonpharmacologic interventions as first-line therapy, with
an emphasis on tailoring such interventions to the specific needs of each patient. For
those with recurrent symptoms, these interventions are to include education, exercise, and
psychological interventions (Foster et al., 2018; Qaseem et al., 2017). In addition, these
guidelines also support the sparingly use of pharmacologic interventions but only under
specific conditions when nonpharmacologic interventions have been tried and proven not
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to be effective (Qaseem et al., 2017). Notwithstanding the evidence, the routine use of
pharmacologic treatment including opioids as first-line treatment for LBP is on the
increase (Foster et al., 2018; Mesner, Foster, & French, 2016) possibly due to inadequate
knowledge about the mechanism of action behind most nonpharmacologic therapies.
Although prescription opioids can provide LBP patients with some pain relief,
their use as an initial treatment for LPB contradicts established guidelines for treating
LBP (Dowell, Haegerich, & Chou, 2016; Foster et al., 2018; Qaseem et al., 2017).
Moreover, the use of prescription opioids has been associated with numerous negative
effects, including addiction and death (Scholl, Seth, Kariisa, Wilson, & Baldwin, 2018).
Furthermore, with over 17,000 prescription opioid-related deaths reported in 2017 alone,
prescription opioid overdose-related mortality in the United States remains substantially
high. (NIDA, 2020; Scholl et al., 2018). This anecdotal use of prescription opioids as
first-line treatment for pain, in general, has recently been the subject of national debate,
leading to a leaning against prescription opioids (Foster et al., 2018; Qaseem et al., 2017).
Some nonpharmacologic therapies have reported mechanisms of action that are
ideally suited to target the neurophysiological mechanisms associated with LBP (Nijs et
al., 2015; Nijs et al., 2011). One such promising pain-reducing nonpharmacologic
intervention is passive music listening. Music is a safe, non-invasive, easy-to-administer,
compact, and relatively cheap intervention that has been used in many conditions to
alleviate pain.(Garza-Villarreal, Pando, Vuust, & Parsons, 2017; Hsu, Chen, Lee, & Lin,
2019; Hsu, Chen, & Hsiep, 2016; Kavakli et al., 2019; Ko, Leung, & Wong, 2019).
Music is hypothesized to modulates by inducing the release of endogenous opioids such
as β-endorphins (Almerud & Petersson, 2003) that stimulate the downward pain
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regulation mechanism to suppress the nociceptive stimulus centrally in the brain stem and
spinal cord (Fields, 2000; Tracey & Mantyh, 2007). In addition, new research suggests
that passive listening to music can substantially reduce pain in older adults. (GarzaVillarreal et al., 2017). In one recent study with a sample of 49 older adults with an
average age of 73.9 ± 7.5 years, the authors found that older adult total knee replacement
patients who listened to one session of music (Chinese and Taiwanese pop music,
classical music, and nature sounds) lasting for 25-minutes for two days experienced less
pain compared to those who did not listen to music (Hsu et al., 2019).
Previous literature suggests that the effective type of music for reducing pain is
one that is calming with a tempo between 60-80 beats per minute (Kuhlmann et al., 2018;
Poulsen & Coto, 2018). The evidence further suggests that a person’s cultural
background, social interactions, and personal experiences influence one's preference of
music in terms of genre, pitch, rhythm, style, and dynamics (Petot et al., 2019).
Therefore, listening to one’s preferred music may be better suited to elicit positive
sensory experiences to influence pain modulation (Costa, Ockelford, & Hargreaves,
2018; Mitchell & MacDonald, 2006; Tan, Yowler, Super, & Fratianne, 2012). However,
only a limited number of studies have investigated the pain modulation effects of
participants' preferred music. More so, a number of these studies used different
instruments to assess the primary outcome variables, thereby adding to heterogeneity
between the studies. Further, despite the plethora of evidence in favor of the therapeutic
use of music to alleviate pain, it is yet to be fully integrated into clinical practice, possibly
because the pain modulation mechanisms behind passive music listening is not well
understood. The current study is, therefore, designed to address this knowledge gap.
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The goal of this study is to examine the feasibility and acceptability of listening to
20 minutes of preferred style of music twice-daily for 4 consecutive days on pain among
20 community-dwelling older adults (65+ years) with LBP. The central hypothesis is that
listening to preferred music may reduce clinical pain and change pain-related
physiological responses in older adults with LBP. The rationale for the proposed research
is that an objective assessment of the magnitude of change in selected pain physiological
parameters may provide relevant information on the analgesic effect of listening to one’s
preferred style of music. The result of this study will provide valuable knowledge of the
underlying mechanism behind music-induced pain modulation in older adults with LBP.
Aim 1. Determine the feasibility of music listening intervention on pain among
community-dwelling older adults (65+ years) with LBP. We will track the following
feasibility outcomes: (1) enrollment rate as the number enrolled/number who met
inclusion criteria, (2) attrition rate as the number not completing the study/number
enrolled at baseline, and (3) adherence rate as the number completing all
measures/number enrolled. We will consider the protocol to be feasible if we can recruit
20 participants within 6 months of recruitment commencement and able to attain an
average of > 80% on all three aforementioned feasibility outcomes.
Aim 2. Determine the acceptability of music listening intervention on pain among
community-dwelling older adults (65+ years) with LBP. The perceived acceptability of
the study protocol to participants will be evaluated using the treatment acceptability and
preference (TAP) scale.(Sidani, Epstein, Bootzin, Moritz, & Miranda, 2009) Additional
attributes of pleasantness, intent to continue use, perceived negative effects, success or
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failure of execution, and possible side effects of treatment will be assessed. We will
consider our protocol to be acceptable with average TAP scores ≥ 3.(Sidani et al., 2009).
Aim 3. Further, we will also obtain data, as an exploratory aim, to investigate whether
music intervention changes clinical pain (NRS), cortical hemodynamic activation in
response to pain (fNIRS), heart rate variability (HRV), and conditioned pain modulation
(CPM).
This study will provide valuable information on music listening intervention and guide
future larger-scale randomized clinical trials of this promising intervention for older
adults with LBP and other chronic pain conditions.
Significance
In response to the nationwide opioid crisis, limiting the use of prescription opioids
to manage pain in older adults is vital, given the high likelihood of dependence with
extended use (Institute of Medicine Committee on Advancing Pain Research &
Education, 2011). LBP is considered a leading cause of functional limitation and
disability in older adults age 65 years and above (Hoy et al., 2014; Vos et al., 2017) and
also a major cause of years lived with disability (GBD, 2018). The estimated annual
economic burden of LBP is in the excess of $87 billion (Dieleman et al., 2016). It is,
therefore, critical to identify more judicious and effective therapies to manage LBP in
older adults without compromising their health and quality of life. The recent public
debate on prescription opioid abuse and the negative consequences associated with
prescription opioids offers enough reasons to investigate the rationale behind the
nonadherence to the recommended treatment guidelines for managing LBP in older
adults.
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This proposed study will be informed by the biopsychosocial model of pain,
which posits that pain is the result of the complex interaction with multiple factors.
(Fillingim, 2005; Miaskowski et al., 2019) Using passive music listening as an
intervention, we seek to modulate pain through mechanisms that will disrupt the
interactions within and between the constructs of the model.
In addition, this study will employ innovative yet inexpensive fNIRS technology
to validate brain regions that are engaged in the modulation of pain as a result of passive
music listening. fNIRS is an optical imaging method that relies on the differences in
absorption maxima of oxygenated and deoxygenated hemoglobin to estimate variation in
the ratio of oxyhemoglobin to deoxyhemoglobin in the brain at any given time (Hill &
Bohil, 2016). This ratio provides a crucial indication of the presence and severity of pain
with increased cortical activation patterns indicating pain severity (Boas, Elwell, Ferrari,
& Taga, 2014; Peng et al., 2018; Yucel et al., 2015). Further, this study will employ the
use of CPM and HRV paradigms to evaluate the state of the endogenous central pain
pathway and disruptions in autonomic balance respectively, since these mechanisms play
a role in pain processing and modulation. CPM provides an indirect measure of the
functional integrity of the descending pain modulation pathway, which is an endogenous
pain-reducing network. Higher CPM indicates better pain inhibitory functionality (Ahn et
al., 2018). HRV, as a proxy measure of the functional integrity of the central autonomic
network, provides relevant information that can be used to evaluate activities of
endogenous pain modulation.
Innovation
The proposed study is innovative from several key perspectives in that it:
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1) Proposes utilizing a remotely monitored smartphone-based music intervention
with a daily reminder to participants who do not meet the needed minimum
listening level to ensure adherence to the study protocol. Because older adults
with LBP have limited mobility that could restrict their access to clinic-based
interventions, home-based interventions provide feasible and practical solutions to
their pain problems.
2) Will be among the first to use the innovative “U sequence”(Guetin et al., 2012)
styles of music to reduce pain in community-dwelling older adults (65+ years)
with LBP. Music is safe, non-invasive, easy-to-administer, portable, relatively
inexpensive, and readily available. The “U sequence” approach steadily guides
participants through three distinct phases of (i) steady reduction of the musical
rhythm, frequencies, and volume, (ii) maximum relaxation, and (iii) revitalizing
stage into a state of relaxation (Demirtas, Houssais, Tanniou, Misery, & Brenaut,
2020; Guetin et al., 2012).
3) Is the first to combine multiple observer-independent methods such as fNIRS,
HRV, and CPM to explore physiological parameters to objectively measure pain
in community-dwelling older adults (65+ years) with LBP. The Principal
Investigator (PI) has produced a first-authored publication in the fNIRS
methodology (Sorkpor, Ahn, Pollonini, & Do, 2019) and co-authored peerreviewed publications involving CPM (Ahn, Zhong, Miao, et al., 2019) and
quantitative sensory testing (Ahn, Zhong, Sorkpor, & Miao, 2019). The use of
these innovative observer-independent physiological parameters to assess pain is
beneficial to this population because the widely accepted self-reporting pain
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assessment methods may not be applicable in older adults who are not able to
process and communicate their pain due to cognitive impairment (Breivik et al.,
2008).
Design and Methods
Study Design
This is a single-center, single-arm, remotely monitored, longitudinal study design where
participants (older adults age 65 years and above with LBP) will listen to 20 minutes of
their preferred style of music two times a daily for four consecutive days in the comfort
of their homes as an intervention for pain
Participants and Study Setting
The study will take place at the brain stimulation and imaging laboratory located
in the Jane and Robert Cizik School of Nursing at the Cizik School of Nursing at UT
Health Science Center at Houston. Participants will be recruited from the community,
outpatient clinics of a large teaching hospital in the Houston metro area, and social
media. After IRB approval, enrollment into the study will begin on November 1, 2020,
and continue through May 31, 2021
Inclusion criteria
Community-dwelling individuals (both male and female) 65 years and older will
be considered eligible if they (1) have a self-report of LBP, (2) have LBP in the past 3
months with an average rating of at least 30 on a 0 - 100 NRS for pain, (3) have intact
cognition, (4) have no plans to change their pain medication regimens during the study
time, (5) can read and understand English, (6) can travel to the study center and, (7) agree
to sign an informed consent
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Exclusion criteria
Participants will be excluded if they (1) are deaf or have severe hearing loss, (2)
are pregnant or lactating, (3) have an implantable pain-reducing device, (4) have a history
of hospitalization within the preceding year for psychiatric illness, (5) have a diagnosis of
Raynaud’s disease, (6), have a functional limitation that requires the use of an ambulatory
aid such as a cane, walker, or wheelchair; and (7) have a history of brain surgery, brain
tumor, or stroke, (8) have severe depression (PROMIS Depression T-score ≥ 70)
(Kroenke et al., 2020), (9) have severe anxiety (PROMIS Anxiety ≥ 70) (American
Psychiatric Association, 2013), and (10) a Mini-Mental State Examination score less than
24 (Creavin, Wisniewski, Noel‐Storr, et al., 2016).
Recruitment and retention strategies
Based on previous home-based studies in older adult populations in Dr. Ahn’s
laboratory (Ahn, Zhong, Miao, et al., 2019; Ahn, Zhong, Sorkpor, et al., 2019), Several
strategies will be employed to mitigate attrition and increase adherence to the study
protocol. These strategies include establishing and maintaining a strong relationship with
people in the community, remotely monitoring participants' smartphone-based music app
usage on a daily basis with reminders to those not meeting daily listening requirement,
reminding participants to fill out the outcome measures, reimbursing participants for the
cost of parking, and offering compensation to incentivize participants to remain in the
study.
Sample size
To the best of our knowledge, there is no evidence of prior studies using the
physiological parameters as we proposed to examine the effect of listening to preferred
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music on pain in adults (65+ years) with LBP. Due to this gap in the literature, an
accurate calculation of statistical power is impossible. Nevertheless, consistent with other
comparable feasibility studies(Ahn, Sorkpor, et al., 2019), a sample size of 20
participants is considered a feasible number to enroll within a reasonable time to meet the
purpose of the study. Given a significance level 0.05 without Bonferroni correction and a
sample size n=20, the calculated power based on an effect size 0.8 and a paired twosample t-test is 0.92.
Informed Consent
The PI will seek ethical approval from the Committee for the Protection of
Human Subjects at the University of Texas Health Science Center at Houston before the
beginning of the study. The PI will also be responsible for obtaining written informed
consent from all participants before enrolling them in the study.
Participant Safety
This study will be performed following the guidelines and principles of the
Declaration of Helsinki. Although no serious adverse effect is anticipated, any report of
an adverse effect will be documented and handled according to regulations of the
Committee for the Protection of Human Subjects at the University of Texas Health
Science Center at Houston. All study procedures will be carried out following strict
infection control protocol to mitigate the risk of contracting or spreading possible
communicable diseases such as COVID-19.
Compensation
Each participant will be compensated with a $100 Walmart gift card for their time and
travel. The breakdown of this compensation will be $30 for each data collection o
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which two visits will be required and $5 per each intervention session of which eight
sessions will be required. Participants will also be reimbursed with a parking voucher at a
rate of $8 per visit to cover the cost of parking at the Texas Medical Center parking
garage. Participants who do not complete the study will receive partial compensation to
be determined as a percentage of the study they complete.
Instruments
The Mini-Mental Status Examination (MMSE). The MMSE is a copyrighted
assessment instrument that provides a quick and simple way to assess cognitive function
and screen for cognitive loss. (Folstein, Folstein, & McHugh, 1975; Mitchell, 2009) The
MMSE is an 11-item assessment that has demonstrated validity and reliability in geriatric
populations. The MMSE is a paper and pencil test that takes about 15 minutes to
complete with scores ranging from 1 to 30. The conventional cut-off score is 24 with a
score lower than 24 indicating cognitive impairment (Creavin, Wisniewski, Noel-Storr, et
al., 2016; Mitchell, 2009). (see Appendix A)
Sociodemographic information. Sociodemographic information will be
collected using a paper-and-pencil form specifically created for this study. The
questionnaire will capture information on age, gender, race, marital status, level of
education, and employment status. (see Appendix B).
The Numeric Rating Scale (NRS). The NRS is designed to measure pain intensity in
adults (Childs, Piva, & Fritz, 2005). The 101-point iteration of the NRS will be used
similar to Anh et al. study(Ahn et al., 2020; Ahn et al., 2017; Ahn, Zhong, Miao, et al.,
2019). The NRS has demonstrated evidence of reliability and validity in adult
populations. The reliability of NRS in chronic pain patients is estimated at r = .95 with a
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good correlation with the visual analog scale estimated at r = 0.71 to r = 0.78 (Ferraz et
al., 1990). The NRS is scored by asking the respondent to select a number on the
continuum from 0 = “no pain” to 101 = “worst imaginable pain ever.” (see Appendix C)
PROMIS Short Form v1.0 - Emotional Distress- Anxiety Short Form 8a. This
is a paper and pencil-based scales that are scored on a 5-point scale (1 = never to
5 = always). It consists of 8-items that measure “fear, anxious misery, hyperarousal, and
somatic symptoms related to arousal” (Cella et al., 2010). Participants respond by
indicating the number of times they have experienced emotions such as fearfulness,
overwhelmedness, nervousness, and anxiousness over the last seven days. This scale has
demonstrated acceptable evidence of reliability and validity and has been used in multiple
chronic pain studies (Ahn, Sorkpor, et al., 2019; Low, Lacson, Zhang, Kesslick, & Bradt,
2020). (see Appendix D)
PROMIS Short Form v1.0 - Emotional Distress - Depression 8b. This is a
paper and pencil-based scales that are scored on a 5-point scale (1 = never to 5 = always).
It consists of 8-items that measure “negative mood, decrease in positive affect,
information processing deficits, negative views of the self, and negative social
cognition”(Cella et al., 2010). Participants respond by indicating the number of times
they have experienced negative affects such as worthlessness, unhappiness, and
hopelessness over the past seven days. This scale has demonstrated acceptable evidence
of reliability and validity and has been used in multiple chronic pain studies (Ahn,
Sorkpor, et al., 2019; Low et al., 2020). (see Appendix E)
Functional Near-Infrared Spectroscopy (fNIRS). fNIRS is a noninvasive,
portable, and inexpensive optical imaging method that directs low power light in the
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near-infrared spectrum (700–1000 nm wavelength) through the scalp to examine blood
oxygenation level-dependent response of brain tissue. PI has produced peer-reviewed a
publication about fNIRS methodology (Sorkpor et al., 2019). Because oxyhemoglobin
and deoxyhemoglobin have different absorption maxima, variation in the ratio of
oxyhemoglobin to deoxyhemoglobin in the brain can be calculated (Hill & Bohil, 2016)
therefore, offering suitable solutions to the study of pain (Boas et al., 2014; Peng et al.,
2018; Yucel et al., 2015). A reduction in hemodynamic response will indicate a decrease
in pain (Watanabe et al., 2011; Yucel et al., 2015). A continuous-wave, multichannel
NIRS imaging system (LIGHTNIRS, Shimadzu, Kyoto, Japan) comprising of an array of
eight sources and eight detectors will be used in this study with optodes arranged
bilaterally over the motor and somatosensory cortical areas of the scalp. This optode
arrangement is chosen to be consistent with a previous publication written by Sorkpor et
al. (2019).
Heart Rate Variability (HRV). HRV represents the variations in a heartbeat on a
time interval. These variations in heart rate result from complex, nonlinear interactions
among several different physiological systems (McCraty & Shaffer, 2015). HRV,
therefore, provides an indirect measure of heart-brain interactions and dynamic nonlinear autonomic nervous system processes (Adler-Neal et al., 2019; McCraty & Shaffer,
2015; Shaffer, McCraty, & Zerr, 2014). An increased HRV indicates proper functioning
of the central autonomic network which is critical for the activation of pain inhibition
pathways in the central nervous system. (Thayer, Hansen, Saus-Rose, & Johnsen, 2009).
HRV will be obtained per recommendations from the European Society of Cardiology
and North American Society of Pacing and Electrophysiology Task Force using lead II
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arrangement(Task Force of the European Society of Cardiology, 1996) with the MP160
equipment (Biopac Systems, Inc., Goleta, CA, U.S.A.).
Conditioned Pain Modulation (CPM). CPM is an indirect method of measuring
pain processing that is presumed to indicate the function of the descending pain
modulation pathway. CPM is assessed as a change in pain perceived in one body region
(test stimulation) as a result of pain-induced in another body region (conditioned
stimulation). The CPM paradigm has reported evidence of good intrasession reliability
with intra-class coefficients of 0.75 (Lewis, Heales, Rice, Rome, & McNair, 2012). This
study will evaluate the pressure pain threshold before and after the conditioned
stimulation. CPM will be determined as a change in pressure pain threshold on the lower
back, 5 cm to the left of the median line on the intercristal line (the Jacoby line) using a
handheld digital pressure algometer (Wagner, Greenwich, CT, USA) while the
participant lays in the prone position on a massage bench.
Treatment Acceptability and Preference (TAP) scale. The TAP scale is a selfreport Likert-style scale that measures perceived acceptability of an intervention in terms
of four characteristics of (1) appropriateness, (2) effectiveness (3) suitability as a
treatment, and (4) willingness to adhere, on a scale ranging from “0 (not at all) to 4 (very
much)”. The total TAP scale score is obtained by taking the mean score of each of the
items. The TAP scale has demonstrated internal consistency reliability (Cronbach alpha >
.80) and factorial validity in prior research. (Sidani et al., 2009). An additional section
will be added to the TAP to evaluate the following variables on a similar scale;
pleasantness, intent to continue use, perceived negative effects, and success or failure of
execution with one open-ended question to collect information on possible side effects.
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Music Intervention
A recent systematic review to determine the pain-reducing effects of listening to
music concluded that music was effective in reducing chronic pain. The authors reported
the mean duration of the 14 included studies to be 30 minutes ± 10.05 (Garza-Villarreal
et al., 2017). Further, Poulsen and Coto (2018) recommends that for therapeutic music to
be effective in reducing pain, it should be played at least twice a day for 15-30 minutes at
a time. Based on this and other prior research, the frequency and duration of the music
intervention will be twice a day for 20 minutes per session for four consecutive days
(Demirtas et al., 2020; Guetin et al., 2012). The study will employ an individual receptive
relaxation music method with participants selecting music based on their preference from
a selection of various styles from the MUSIC CARE© app. MUSIC CARE© offers
individualized music intervention sessions using a standardized protocol that conforms
with international scientific guidelines (Guetin et al., 2012). The music intervention will
last 20 minutes per session and will be administered twice daily for 4 consecutive days.
This duration was chosen based on prior research (Demirtas et al., 2020; Guetin et al.,
2012). Participants will be given an electronic tablet with the MUSIC CARE© app
loaded on it and trained on how to access the app to select their preferred style of music.
Participants will be instructed to use the provided headphone during all interventions and
to sit in a quiet area while wearing an ocular mask to avoid distractions. The sequence of
the music will be broken down into several phases following the innovative “U sequence’
method (Guetin et al., 2012). The music sequence construction will be explicitly
constructed for this study by the Music Care (Paris, France) company. The PI will
remotely monitor participants' smartphone-based music app usage on a daily basis to
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ensure that they are following the study protocol. Participants who do not complete the
specified amount of music listening sessions (20 minutes twice daily) will receive a
phone call reminding them to do so.
Data Procedure
Participants will be recruited from approved pain clinics within the Memorial
Hermann hospital system and from within the community. The PI will contact approved
outpatient clinics, community organizations such as churches and mosques to present the
proposed study to potential participants. Also approved recruitment flyers with a
summary of the study, criteria for participation and contact information of the PI (Setor K
Sorkpor) will be posted in the community. Potential participants contacting the PI will be
screened in person or over the phone for eligibility. Those meeting the inclusion criteria
will be scheduled to meet with the PI at the study center at a date and time agreeable to
both the eligible participant and the PI.
During the visit to the study center, the PI will review the informed consent form
with each eligible participant. The eligible participants will be given time to read and
encouraged to ask questions. The PI will answer questions and provide clarification to the
participants as needed. After demonstrating an understanding of the purpose of the study,
eligible participants will be asked to sign the written consent form if they elect to
continue with the study.
Experimental Design
After consenting into the study, the PI will hand each participant the MMSE and
the basic health and sociodemographic form to complete. This will be followed by asking
participants to rate their mean clinical pain intensity on the NRS scale. Mean clinical pain
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intensity is defined as the average pain intensity that was experienced in the past 7 days.
Participants will then complete the PROMIS short-form questionnaires for both anxiety
and depression. Next, the baseline physiological assessment (fNIRS, HRV, CPM) will be
obtained. Table 1 shows all interventions and time points where each measure will be
administered.
To obtain physiological data, participants will be assisted to sit comfortably in a
recliner and assisted to place and secure the fNIRS cap on their head. The fNIRS optodes
will be placed bilaterally over the motor and somatosensory cortical regions of the scalp
after carefully parting the participant's hair to obtain direct contact with the scalp. Figure
1 shows the fNIRS optode placement arrangement. The ECG sensors will be placed on
the chest using a lead II 3- electrode arrangement. Figure 2 shows the ECG lead
placement arrangements. Next, the participant will be assisted to lie down on the massage
table in the prone proposition. Participants will be draped to maintain modesty. The
anatomical location where the pressure stimuli will be applied will be marked using a
tape measure and a skin marker. Table 2 depicts previously published neuroimaging
studies and the various various types of stimuli used to elicit a brain-related pain response
in chronic pain patients. Pressure pain will be used in this study. The pretest pressure pain
threshold will be determined following a quantitative sensory testing paradigm using a
handheld digital pressure algometer (Wagner, Greenwich, CT, USA). The baseline
physiological measures will be collected with HRV collected simultaneously with the
fNIRS recordings followed by CPM. Following the completion of the experiment, the
participants will be assisted to sit in the recliner to complete the TAP Scale to assess their
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acceptability of the procedure. The physiological data collection procedure will be
repeated post-intervention.
Data protection

All paper-based data including written consent forms will be kept confidential in a
secure locked file cabinet located in a locked laboratory on campus. Digital records
including electronic files and digital recordings will be stored in a password-protected file
on a secure server approved for storing research data per the research governance policy
of the University of Texas Health Science Center at Houston. Access to all research data
will be restricted only to the PI and immediate supervising dissertation committee
members on a need to know basis
Data Analysis

Descriptive statistics for demographic data will be computed using SAS v9.4
(SAS Institute Inc., Cary, NC). The normality assumption will be assessed by the
Shapiro-Wilks test and visual inspection of the Q-Q plot. Outliers will be identified using
the Median Absolute Distance and handled for conclusion robustness. The daily pain
scores (NRS) will be assessed for linear trends using simple linear regression.(Barnes &
Barnes, 2015) Feasibility and acceptability outcomes will be described using summary
statistics, including mean with standard deviation, median with interquartile range,
frequency, percentages, as well as the corresponding 95% confidence intervals when
appropriate. Also, a one-sample proportion test will be performed to verify whether these
rates are significantly different from zero. For exploratory data analysis, we expect that
LBP (NRS) will show lower pain scores post-intervention compared to baseline. We will
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derive summary statistics of the baseline and final measures of NRS and compare the
means to understand the changes in NRS before and after music intervention. While we
recognize that the small sample size may prevent us from achieving any statistical
significance, we will conduct a repeated-measures ANOVA(Maurissen & Vidmar, 2017;
Zhao, Wang, Totton, Cullen, & O'Connor, 2019) to examine the effect of listening to
preferred music on pain over time. If the assumptions of repeated-measures ANOVA is
violated, the Friedman test will be used. Absolute effect sizes between the baseline and
finals measures will be evaluated to establish the level of difference between the baseline
measures and the final measure.
Also, we expect that cortical hemodynamic response to pain will be reduced postintervention. The NIRS Brain AnalyzIR Toolbox(Santosa, Zhai, Fishburn, & Huppert,
2018) will be used to analyze the acquired data. The raw NIRS data will be imported into
the NIRS Brain AnalyzIR Toolbox (Santosa et al., 2018) software, which is an opensource Matlab-based analysis package for fNIRS data management, pre-processing, and
first- and second-level analysis (Santosa et al., 2018). The data will be pre-processed
(resampling, conversion to optical density, and the application of the modified BeerLambert law). The preprocessed data will then be analyzed by comparing the summary
statistics of the baseline fNIRS measures with those of the final fNIRS measure. Next
image reconstructions of the brain will be generated for both measures. In addition, we
expect that HRV will be increased post-intervention. AcqKnowledge version 5.0 signal
analysis software (Biopac Systems, Inc, Goleta, USA) will be used to evaluate the ECG
data. The ECG data will be cleaned to remove artifacts, such as irregular heartbeat
activity to eliminate interference with the software’s ability to identify distances and
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times between consecutive R-waves from the ECG data. Tachograms will be created for
visual inspection and where applicable a data correction factor will be applied. The timedomain HRV parameter such as the standard deviation in R-R length (SDNN) and root
mean squared of successive differences (RMSSD) will be computed. Similarly,
frequency-domain HRV parameter including low frequency, high frequency, and their
ratios will be computed. We will compare the baseline HRV measures with the postintervention measure.
Moreover, we expect that conditioned pain modulation will be increased ater
participants listen to preferred music. We will compare the summary statistics of the
baseline CPM measures and the final CPM measures, and absolute effect sizes between
the two measures will be evaluated to establish the level of difference.
Discussion

This study is a protocol for a single-center, single-arm, cross-sectional study to
examine the feasibility, acceptability, and preliminary efficacy of listening to preferred
music on experimental pain in older adults age 65 years and above with LBP. This study
is important in the sense that it explores the effects of readily available therapy for
managing pain. It builds on prior research aimed at identifying effective
nonpharmacologic interventions to reduce pain in LBP. Also, the analgesic properties of
music have been demonstrated to be effective in reducing pain in different conditions
(Garza-Villarreal et al., 2017; Kavakli et al., 2019) therefore this study will establish its
feasibility and acceptability for LBP. Furthermore, passive listening to music has been
recommended in a recent systematic review as viable adjuvant therapy in reducing pain
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in chronic pain patients. However, prior studies have been criticized for having
methodological challenges ranging from a small sample size, inconsistency with outcome
evaluation, lack of clarity on the type of music evaluated, and substandard control
conditions (Garza-Villarreal et al., 2017). The current study, therefore, takes some of
these shortcomings into consideration by employing an objective and innovative means
of measuring pain using fNIRS, HRV, and CPM. Further, since central mechanisms
rather than peripheral factors are involved in the amplification of neural signals within
the central nervous system to elicits pain hypersensitivity (Nijs et al., 2015; Nijs et al.,
2011), we hypothesized that music selected by participants may be more pleasing and
therefore, better positioned to target the neurophysiological mechanisms associated with
LBP.
Potential Pitfalls and Alternate Strategies
NIRS has its shortfalls, in that, this technique is sometimes exposed to noise when
contact with the scalp is not well established. Because of this, participants with coarse hair
types may not be ideal candidates since the probes must have direct contact with the scalp
to capture accurate data. There are tested ways to part the hair to make way for the probes
to contact the scalp, however, this can be time-consuming leading to participant fatigue
with a possible effect on study outcome. Nonetheless, because this is a dissertation study,
this potential problem may be controlled by excluding participants with hair types that may
impede the capturing of noise-free data. This may need to be considered as a screening
condition when talking to potential participants over the phone. Secondly, due to the
limited number of parking spots available at the Texas Medical Center, participants will
have to park in toll parking garages and walk to the study center. The cost of parking and
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walking distance from the available parking garage to the study center could discourage
some potential participants from enrolling in the study. However, we hope to assuage this
reluctance by incentivizing would-be participants with an offer to pay for their parking.
Further, older adults are more likely to have limited means of transportation (Choi, Adams,
& Kahana, 2012) therefore, excluding qualified candidates with limited means of
transportation. We anticipate this will create a recruitment challenge and therefore propose
to recruit over 3 months period. Further, due to the COVID-19 pandemic, this data
collection in this study has been delayed with no known date to begin data collection.
Summary
Findings from this study will establish initial efficacy, feasibility, and
acceptability of using preferred style of music to manage pain in older adults with LBP.
This study will also provide valuable information to inform sample size calculations in
future large studies. Findings from this study will also add to the growing body of
literature evaluating the effectiveness of nonpharmacologic pain-reducing therapies for
reducing pain in the older adult populations.
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Table 1
Table showing the time points where each measure will be administered.
Measure
Music Intervention #
MMSE
Demographic
NRS
PROMIS Anxiety
PROMIS Depression
fNIRS
HRV
CPM
TAP Scale

Baseline Day 1
1 2
X
X
X
X
X
X
X
X
X

X

Day 2
3 4

Day 3
5 6

Day 4
7 8

X

X

X

Day 5

X

X
X
X
X
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Table 2

Functional stimuli
[stimuli time and number
of blocks]
Whole-brain

Brain region of
interest (ROI)

Cerebrum

Painful and non-painful
pressure stimuli to
affected joint or
equivalent in health
control and thumbnail
[2.5 seconds, 30 blocks]

Laser pulses delivered by
a CO2 laser to back of the
hand
[30 micro second,
number of blocks not
provided]

fMRI

Brain
imaging
method

Rheumatoid
arthritis patients
(n=31) and healthy
controls (n=23)

Sample size &
characteristics

Fibromyalgia patients
showed a reduced tone
of cortical motor areas
compared to controls

Rheumatoid arthritis
patients exhibited
significantly less painrelated brain
activation compared
to controls

Brain imaging
results

fNIRS

Fibromyalgia
patients (n=38) and
healthy controls
(n=21)

Table showing the different kinds of stimuli used to evoke brain-related pain response in
neuroimaging studies in chronic pain patients.
Purpose of the study

Sandstrom et al.
(2019)

To assess brain
activation in response
to painful stimulation
over disease-relevant
joint versus neutral area
in patients suffering
from rheumatoid
arthritis compared to
healthy controls

Author (year)

Gentile et al.
(2020)

To explore the
mechanisms of
interaction between
motor and pain during
performing the slow
and fast finger tapping
task alone and in
association with
nociceptive laser
stimulation

Chronic back pain
patients (n=14) and
healthy controls
(n=22)

Chronic back pain
patients exhibited
significant stimulusevoked hemodynamic
responses in only in
the right
somatosensory cortex

Vrana, Meier,
To investigate cortical
Painful and non-painful
Supplementary
fNIRS
Hotzsensorimotor areas
pressure stimuli to the
motor area and
Boendermaker,
regarding potential
spinous process of the
primary
Humphreys, and
alterations in
third lumbar vertebra
somatosensory
Scholkmann
sensorimotor
[5 seconds, 15 blocks]
cortex
(2016)
processing in the
presence of pain
Abbreviations: fMRI – Functional Magnetic Resonance Imaging; fNIRS - Functional Near-Infrared
Spectroscopy
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Table 2 cont.

Functional stimuli
[stimuli time and number
of blocks]
Whole-brain

Brain region of
interest (ROI)

[30 seconds, 5 blocks]

Finger flexion-extension
of the right hand
[30 seconds, 3 blocks]

Whole-brain

Thermal Stimuli to the
right volar forearm

fMRI

fMRI

Brain
imaging
method

Chronic jaw pain
patients (n = 16
and pain free
controls (n = 15)

Functional activity
was reduced in
chronic jaw pain
patients in 82% of the
regions identified for
the pain task

Brain imaging
results

Right-handed hand
osteoarthritis
patients (n = 13)
and right-handed
controls (n=13)

Sample size &
characteristics

Table showing the different kinds of stimuli used to evoke brain-related pain response in neuroimaging studies in chronic pain
patients
Purpose of the study

Roy et al. (2018)

To assess brain activity
during a visually
guided grip force task
and a pain-eliciting
thermal stimulus on the
forearm

Author (year)

Sofat et al. (2013)

To assess if central
sensitization mediates
pain perception in
osteoarthritis of the
hand

Increased perceptual
sensitization and
increased processing
of the sensorydiscriminative aspect
(N80 component) of
pain in chronic low
back pain patients
compared to controls

Hand osteoarthritis
pain patients
exhibited increased
activation in the
thalamus, cingulate,
frontal and
somatosensory cortex.
These regions
implicated in central
sensitization.

Diers et al.
To compare the
An electrical stimulus to
Whole-brain
EEG
Chronic low back
(2007)
perceptual sensitization specific sites on the left
pain patients (n =
and brain activation
lower arm, the third
14) and healthy
patterns in response to
lumbar vertebra in the
controls (n = 13)
intramuscular and
left lower back. Stimuli
intracutaneous painful
delivered both
stimulation in chronic
intramuscular and
low back pain patients
intracutaneous
and healthy controls
[Eight-hundred painful
electrical pulses in one
block per site]
Abbreviations: fMRI – Functional Magnetic Resonance Imaging; fNIRS - Functional Near-Infrared Spectroscopy
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Table 2 cont.

Purpose of the study

Functional stimuli
[stimuli time and number
of blocks]
Whole-brain

Brain region of
interest (ROI)

fMRI

Brain
imaging
method

Chronic pelvic pain
patients (N = 12)

Sample size &
characteristics

Brain imaging
results

Table showing the different kinds of stimuli used to evoke brain-related pain response in neuroimaging studies in chronic pain
patients
Author (year)

Seretny et al.
(2019)

A thermal stimulus at the
individual threshold to
arm and abdomen
[15 seconds, 24 blocks]

A minimum of 7
women per group are
required to achieve
80% power and
p=0.05 α in future
fMRI studies with 1:1
sampling ratio with
two independent
samples and two-sided
testing
Intervention (n= 6)
Placebo (n = 6)

To inform the
feasibility and design of
a future RCT using
brain fMRI to
determine the
mechanism of action of
gabapentin in managing
chronic pelvic pain in
women. fMRI data is to
inform future sample
size calculation

Matsuo et al.
To examine the details
Pressure stimulus at 500
Whole-brain
fMRI
Chronic low back
The chronic back pain
(2017)
of such inhibitory
kPa to lumber region
pain patients (n=
group showed reduced
mechanisms possibly
[30 seconds, 3 blocks]
11) and healthy
reactivity to pain in
modified in chronic low
controls (n = 13)
known cortical areas
back pain patients.
mediating affective
component, and topdown modulation, of
pain.
Kaneko et al.
To evaluate the activity Pressure stimulus at the
Whole-brain
fMRI
Chronic low back
Participants in the
(2017)
of the nucleus
individual threshold to
pain patients (N =
high baseline score
accumbens in response
lumber region
21). Divided into
group had more
to lumbar mechanical
two groups based
intense daily
stimulation in patients
[30 seconds, 3 blocks]
on baseline BSpain and lower quality
with chronic low back
POP scores
of life than those in
pain
the other group.
Abbreviations: fMRI – Functional Magnetic Resonance Imaging; BS-POP - Brief Scale for Psychiatric problems in Orthopedic Patients
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Table 2 cont.

Purpose of the study
Brain region of
interest (ROI)

fMRI

Brain
imaging
method

Sample size &
characteristics

Brain imaging
results

Functional stimuli
[stimuli time and number
of blocks]
Whole-brain

fNIRS

Pressure stimulus at the
individual threshold to
lumber region

Cerebral

To clarify cerebral
activation specific to
chronic low back pain
[30 seconds, 3 blocks]

Pressure stimulus at
individual threshold to
lumbar quadrate muscle
[30 seconds, 5 blocks]

LBP patients showed
augmented activation
compared with
healthy volunteers
specifically at the
right insula,
supplementary motor,
and posterior
cingulate cortex.
Compression in the
quadratus lumborum
muscle improved,
hyperalgesia, LBP,
and decreased
hemodynamic activity
in the prefrontal
cortex in the
myofascial trigger
points group

Chronic low back
pain patients (n= 8)
and healthy
controls (n = 6)

Table showing the different kinds of stimuli used to evoke brain-related pain response in neuroimaging studies in chronic pain
patients
Author (year)

Kobayashi et al.
(2009)

Kodama et al.
(2019)
To assess the effects of
myofascial trigger
points compression on
brain hemodynamics
and EEG oscillation in
subjects with chronic
low back pain

Chronic low back
pain patients (N =
32). Divided into
two equal groups.
Compression at
myofascial trigger
points (n=16) and
no compression
(n=16)

Abbreviations: fMRI – Functional Magnetic Resonance Imaging; fNIRS - Functional Near-Infrared Spectroscopy
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Figure 1
fNIRS probe placement arrangement
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Figure 2
Electrocardiography lead placement. lower left rib (positive electrode), right clavicle
(negative electrode), and right lower rib (ground electrode)
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Appendix A

MMSE Sample Items
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MMSE Sample Items
Orientation to Time
“What is the date?”
Naming
“What is this?” [Point to a pencil or pen.]
Reading
“Please read this and do what it says.” [Show examinee the words on the stimulus
form.]
CLOSE YOUR EYES

"Reproduced by special permission of the Publisher, Psychological Assessment Resources, Inc., 16204 North
Florida Avenue, Lutz, Florida 33549, from the Mini Mental State Examination, by Marshal Folstein and
Susan Folstein, Copyright 1975, 1998, 2001 by Mini Mental LLC, Inc. Published 2001 by Psychological
Assessment Resources, Inc. Further reproduction is prohibited without permission of PAR, Inc. The MMSE
can be purchased from PAR, Inc. by calling (813) 968-3003."
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Basic Health and Sociodemographic Form
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Basic Health and Sociodemographic Form
ID #: ___________________________
DATE:
____________
1. Age: ___________
2. Height (inches): _____________
3. Weight (lbs): _________________
4. Medications: _________________________________________________
5. Gender?
a. Male b. Female
6. What is your race or origin? (Choose one or more number(s) from the list below):
a. Asian
b. Black African American
c. White
d. Hispanic or Latino
7. What is your occupation? ______________________________
8. What is your highest level of educational achievement? (choose one): ____
a. Some school but did not complete high school
b. High school degree.
c. Two-year college degree.
d. Four-year college degree.
e. master’s degree.
f. Doctoral degree.
9. What is your current annual household income? (circle one)
a $0 -9,999 f $50,000 - 59,999
b $10,000 - 19,999 g $60,000 - 79,999
c $20,000 - 29,999 h $80,000 - 99,999
d $30,000 - 39,999 i $100,000 - 149,999
e $40,000 - 49,999 j $150,000 or higher
10. What is your marital status? (select one item from the list below)
a. Married
b. Widowed
c. Divorced
d. Separated
e. Never Married
f. Living with Partner
g. Refused
h. Don’t Know
11. List any health condition you been diagnosed now or in the past
_____________________________________________________________________
___
_____________________________________________________________________
___
12. List of current medications
__________________________________________________________________
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Appendix C
Numeric Rating Scale
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Numeric Rating Scale
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Appendix D
PROMIS Emotional Distress – Anxiety – Short Form 8a
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PROMIS Emotional Distress – Anxiety – Short Form 8a
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Appendix E
Emotional Distress – Depression – Short Form 8a
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Emotional Distress – Depression – Short Form 8a
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Abstract
Background
Low back pain (LBP) is a complex, multifaceted, and widespread condition that
impairs the quality of life of older adults aged 65 years or older. Although
nonpharmacologic interventions informed by the biopsychosocial model are
recommended as first-line therapy for LBP, pharmacologic therapies, including opioids,
are commonly used as first-line interventions in practice. This could be attributed to a
lack of understanding of the analgesic properties of most nonpharmacologic
interventions. Nonetheless, some nonpharmacologic therapies, such as passive music
listening, have been shown to modulate pain via pathways that target the
neurophysiological mechanisms associated with pain.
Specific Aims
The specific aims were to determine: (1) the feasibility and acceptability of
listening to one’s preferred music to relieve pain in older adults with LBP, aged 65 years
or older, and (2) if music reduces pain and affects pain-related physiological markers
such as cerebral hemodynamic response to experimental pain, as measured by function
near-infrared spectroscopy (fNIRS), heart rate variability (HRV), and conditioned pain
modulation (CPM).
Methods
This was a single-center, single-arm, open-label study. Twenty communitydwelling older adults (≥ 65 years) with LBP were recruited to use noise-isolating
headphones to listen to their preferred style of music for 20 minutes twice daily for four
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days using the MUSIC CARE® app. Feasibility was measured by tracking enrollment,
adherence, attrition rates, and acceptability (measured by the treatment acceptability and
preference scale). Average daily clinical LBP scores as well as other pain-specific
physiological markers; fNIRS, HRV, and CPM were collected at baseline and postintervention. Repeated-measures ANOVA, a general linear model based on
autoregressive iteratively reweighted least squares (AR-IWLS), and custom Python codes
were used to evaluate clinical pain, fNIRS, and HRV data respectively. The Wilcoxon
signed-rank test was run on the CPM data as it violated the test of normality.
Results
Feasibility measures of enrollment, adherence, and attrition rates were 95.25%
100.00%, and 0.00%, respectively. When compared to baseline measurements,
acceptance rates were higher after the intervention. Pain scores on the numeric rating
scale (NRS) for pain decreased marginally but non-significantly from baseline to postintervention. The physiological measures (fNIRS, HRV, and CPM) revealed that
treatment has the potential to reduce pain.
Conclusion
These findings suggest that listening to preferred music for 20 minutes twice a
day for four days is a feasible and acceptable intervention for reducing pain in older
adults with LBP, aged 65 years or older. Also, listening to preferred music at home
resulted in marginal but nonsignificant reductions in clinical pain sensitivity (NRS).
Furthermore, the effects of listening to preferred music on pain were evident in the
selected pain-related physiological markers, implying that these markers may be
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investigated as pain assessors in future studies. Future large randomized and ethnically
diverse studies should investigate the underlying mechanism of music-induced analgesia.
Keywords: music listening, conditioned pain modulation, functional near-infrared
spectroscopy.
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Introduction
The world’s aging population has grown significantly due to the recent demographic
shift (Roberts et al., 2018). Consequently, the number of chronic illnesses experienced by
older adults has increased correspondingly. Among these chronic illnesses is low back
pain (LBP), which is defined as pain that manifests between the lower rib margins and
the buttock creases (Hartvigsen et al., 2018). LBP is regarded as one of the most common
causes of functional limitation, disability, and a decline in quality of life in elderly
individuals (Hoy et al., 2014; Vos et al., 2017) and is thus a significant contributor to the
number of years lived with disability (Abate et al., 2018). Moreover, LBP is one of the
most prevalent reasons for doctor visits in the United States (Qaseem et al., 2017),
costing over 90 billion dollars per year, with adults 65 years or older accounting for onethird of this total expenditure (Dieleman et al., 2016).
LBP can be caused by various factors, but the most common type is non-specific LBP,
which has no discernible pathology (Saragiotto et al., 2016). Because of its unknown
etiology, non-specific LBP presents a major problem for diagnosis and treatment (Allegri
et al., 2016; Amirdelfan, McRoberts, & Deer, 2014; Wong, Karppinen, & Samartzis,
2017). However, the current clinical guidelines for the treatment of LBP recommend
individually tailored nonpharmacological interventions such as exercise, education, and
psychological interventions informed by the biopsychosocial paradigm as first-line
therapy (Foster et al., 2018; Qaseem et al., 2017). Although these guidelines also support
the use of pharmacotherapeutics, they should be used sparingly and as a last resort in
situations where nonpharmacologic options have been tried and proven to be ineffective
(Qaseem et al., 2017). Notwithstanding the evidence, the use of pharmacologic therapies

64
such as opioids as a first-line intervention for LBP is widespread in practice (Foster et al.,
2018; Mesner et al., 2016), most likely due to a lack of understanding of the mechanisms
by which these nonpharmacologic interventions modulate pain.
Some nonpharmacologic therapies have been shown to have mechanisms of
action that are well adapted to targeting the neurophysiological mechanisms associated
with LBP (Nijs et al., 2011, 2015). One such promising nonpharmacological painrelieving therapy is passive music listening. Music is a safe, non-invasive, easy-toadminister, and relatively inexpensive intervention that has been used to relieve pain in a
variety of pain disorders (Garza-Villarreal et al., 2017; Hsu et al., 2016; Hsu et al., 2019;
Kavakli et al., 2019; Ko et al., 2019). Music is hypothesized to modulate pain by causing
the release of endogenous opioids such as β-endorphins (Almerud & Petersson, 2003),
which stimulate the descending pain regulation pathways in the brain stem and spinal
cord, suppressing nociceptive stimuli (Fields, 2000; Tracey & Mantyh, 2007).
Furthermore, current research indicates that passive music listening can significantly
reduce pain in older adults (Garza-Villarreal et al., 2017). For example, in a recent study
of 49 older adults, the researchers noted that listening to one 25-minute session of music
(Chinese and Taiwanese pop music, classical music, and nature sounds) for two days
reduced pain in total knee replacement patients with an average age of 73.9 ± 7.5 years
(Hsu, Chen, Chen, Tseng, & Lin, 2016).
Previous research has shown that the most beneficial music genre for relieving
pain is one that is calming with a tempo between 60-80 beats per minute (Kuhlmann et
al., 2018; Poulsen & Coto, 2018). Earlier studies also indicate that a person’s musical
preferences in terms of genre, pitch, rhythm, style, and dynamics are influenced by their
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cultural background, social interactions, and personal experiences (Petot et al., 2019). As
a result, it is hypothesized that listening to one’s preferred music may be better suited to
eliciting pleasurable sensory experiences and thus influencing pain modulation (Costa et
al., 2018; Mitchell & MacDonald, 2006; Tan et al., 2012). Notwithstanding this
hypothesis, only a few studies have been conducted to investigate the pain-relieving
effects of listening to one’s preferred music. However, there is a high level of
methodological heterogeneity among these few studies, making it difficult to compare
their findings. The authors of a recent systematic review and meta-analysis on the effects
of music on pain in adults undergoing colonoscopy identified multiple forms of variation
as possible contributory factors to methodological heterogeneity, including lack of
consistency in the instruments used to examine the primary outcome variables, type of
music intervention, and duration of music intervention, among others (Sorkpor et al.,
2021). These methodological inconsistencies make it difficult to conduct a meaningful
meta-analysis of the existing literature, which is required to strengthen the case for music
listening interventions for pain management. More research utilizing rigorous
methodologies is needed to better understand the mechanism of action of music-induced
analgesia. As such, the current study was designed to fill these gaps by utilizing
standardized instruments to evaluate the primary outcome variable of pain.
The goal of this study was to examine the feasibility and acceptability of 20
minutes of listening to a preferred style of music twice-daily for four consecutive days to
treat pain in 20 community-dwelling older adults with LBP. The study further
investigated secondary aims to determine whether listening to home-based self-selected
preferred music causes changes in pain-related physiological markers, including cortical
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hemodynamic changes to experimental pain measured by fNIRS, heart rate variability
(HRV), and conditioned pain modulation (CPM) in older adults with LBP. The central
hypothesis was that in older adults with LBP, listening to their preferred music could
reduce clinical pain and alter pain-related physiological responses through mechanisms
believed to reverse the dysregulation in the natural pain modulation pathway.
Methods
This study was conducted in line with the Declaration of Helsinki guidelines. The
study protocol was approved by the Institutional Review Board of The University of
Texas Health Science Center at Houston and was registered at www.clinicaltrials.gov
(NCT04644757) before initiation. All participants signed a written informed consent
form before participating in the study, which was conducted from May 2021 to July
2021. All on-site study procedures were performed in Dr. Ahn’s lab at The University of
Texas Health Science Center at Houston’s Cizik School of Nursing in Houston, Texas.
Participants
Participants were recruited from the Greater Houston metropolitan area via
advertisement flyers distributed within the community. Community-dwelling older adults
(both male and female), 65 years or older, were considered eligible if they (a) had selfreported LBP, (b) have had LBP in the past three months with an average rating of at
least 30 on a 0 - 100 Numeric Rating Scale (NRS) for pain, where 0 equals no pain, and
100 equals worst pain imaginable, (c) have had intact cognition, (d) have no plans to
change their pain medication regimens during the study time, (e) can read and understand
English, (f) can travel to the study center, and (g) agree to sign an informed consent.
Potential participants were excluded for the following: (a) deaf or have severe hearing
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loss, (b) pregnant or lactating, (c) have an implantable pain-reducing device, (d) have a
history of hospitalization within the preceding year for psychiatric illness, (e) have a
diagnosis of Raynaud’s disease, (f) have a functional limitation that requires the use of an
ambulatory aid such as a cane, walker, or wheelchair, (g) have a history of brain surgery,
brain tumor, or stroke, (h) have severe depression (PROMIS Depression score ≥ 70;
Kroenke et al., 2020), (i) have severe anxiety (PROMIS Anxiety ≥ 70; American
Psychiatric Association, 2013), and (j) have a Mini-Mental State Examination score less
than 24 (Creavin et al., 2016).
Study Design
The study was designed as a single-center, single-arm, open-label, longitudinal study
that involved four consecutive days of twice-daily self-directed music listening at home
with daily remote monitoring of the number of sessions. Each session lasted for 20
minutes, with a total of eight sessions.
Home-Based Music Intervention
The intervention consisted of a receptive music technique where participants
actively listened to the music 20 minutes twice a day for four consecutive days (a total of
8 sessions). During the baseline visit, the MUSIC CARE® app (MUSIC CARE® Paris,
France) was downloaded onto the participant’s smartphone or tablet, followed by a 20minute training by the principal investigator (PI) on how to access and use the MUSIC
CARE® app and the provided pain log (NRS). Following training, the participants
demonstrated their understanding by performing their first music listening practice
session and recording their pain level on the given pain log in the presence of the PI. The
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PI then provided additional coaching to the participants, as needed, to successfully and
independently perform the intervention at home. Participants were given brand new overear noise-isolating headphones (OneOdio® Studio HIFI Wired Headphones; OneOdio,
Wan Chi, Hong Kong) and an ocular mask to cover their eyes during the intervention to
avoid distraction. The participants were also instructed to sit in a quiet environment and
not use their phones or engage in other distracting activities while listening to the music.
To use the MUSIC CARE® app, participants launched it from their phone or
tablet, selected the option to treat pain, and then chose a session based on their preferred
music genre. They were then presented with a window that asked them to rate their pain
on a scale of 0 to 10 (0 = no pain; 100 = worst pain imaginable). The app then queued up
20 minutes of pain-relieving music that was divided into multiple phases known as the
“U” sequence, based on the selections made above. Previous studies have shown that “U”
sequenced music is effective in reducing pain through a series of mechanisms. The “U”
sequence is assumed to achieve its impact through the reduction of “musical tempo,
orchestral size, frequencies, and volume,” which corresponds to the downward arm of the
“U” to reach a maximal relaxation phase at the bottom of the “U” and revitalization,
which occurs in the ascending arm of the “U”. Additional explanation of the “U”
sequence can be found in the article by Guétin et al. ( 2012). Participants were allowed to
adjust the music volume to their liking and were required to complete two sessions per
day. Immediately following the second intervention of the day, participants recorded their
average LBP rating for the previous 24 hours using the 101-point NRS. i.e., one LBP
measurement per day that sums up their average LBP score for that day (24 hours prior).
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The intervention lasted four consecutive days and consisted of two sessions per day
(morning and evening) for a total of eight sessions.
Remote Monitoring
Participants were assigned an unique study identification number for the MUSIC
CARE® app. The PI tracked the MUSIC CARE® app access daily. A text message was
sent, or a phone call was made to participants if the participant did not use the app by
11:00 a.m. for the first session or 9:00 p.m. for the second session. Each participant’s
preferred mode of communication was determined during the baseline session. The
primary rationale for tracking daily app usage was to assure adherence to the study
protocol without invading the participant’s privacy, as might be the case with video
monitoring.
Data Collection
Baseline data, which included sociodemographic characteristics such as age, sex,
race, height, weight, occupation, household income, and marital status, were collected
using a sociodemographic form specially designed for this study. Additional baseline data
on anxiety, depression, and mental status were collected using the Patient-Reported
Outcomes Measurement Information System (PROMIS) anxiety-short form (Cella et al.,
2010), PROMIS depression-short form (Cella et al., 2010), and the Mini-Mental States
Exam (MMSE) (Folstein et al., 1975; Mitchell, 2009), respectively. Feasibility was
measured by tracking enrollment, adherence, and attrition rates, and acceptability was
measured by the Treatment Acceptability and Preference (TAP) scale (Sidani et al.,
2009). Clinical pain was assessed using the Numeric Rating Scale (NRS) for pain (Childs
et al., 2005) at baseline and once a day after the second music session of the day until the
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study was completed. Physiological assessments involving function near-infrared
spectroscopy (fNIRS), heart rate variability (HRV), and conditioned pain modulation
(CPM) were evaluated at baseline and after the eight consecutive sessions of music
listening.
Baseline Data
To score the PROMIS anxiety-short form, participants responded by indicating
the number of times they had experienced emotions such as fearfulness,
overwhelmedness, nervousness, and anxiousness in the seven days preceding the
assessment. The scale was scored on a range of 8 – 40, with higher scores indicating
greater severity of anxiety (Driban et al., 2015). Similarly, the 8-item PROMIS
depression - short form was scored on a range of 8 - 40, with higher scores indicating
greater severity of anxiety (Cella et al., 2010). Both scales have demonstrated acceptable
internal consistency in older adult chronic musculoskeletal pain populations with
Cronbach’s alpha of .85 and .92 respectively (Deyo et al., 2016). Validity of these
PROMIS anxiety-short form and PROMIS depression – short form has been well
documented in older adult chronic back pain patients (Nayfe et al., 2020). The MMSE,
which provides a quick and simple way to assess cognitive function and screen for
cognitive loss (Folstein et al., 1975; Mitchell, 2009) consisted of an 11-item assessment
was graded on a scale of 1 to 30, with cut-off scores below 24 indicating cognitive
impairment. (Creavin et al., 2016; Mitchell, 2009).
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Feasibility
The following feasibility outcomes were tracked: (a) enrollment rate was estimated as
the number of participants enrolled divided by the number of potential participants who
met inclusion criteria after being assessed for eligibility, (b) attrition rate as the number
of participants who enrolled but did not complete the study divided by the number of
participants enrolled into the study at baseline, and (c) adherence rate as the number of
participants who completed all measures of the study divided by the number of
participants enrolled into the study at baseline. A priori, the protocol was considered
feasible if the following conditions were met: enrollment and adherence rates of 80% or
greater and an attrition rate of less than 20%, and the ability to recruit 20 participants
within six months of study commencement. This cutoff was determined based on
previous music intervention study that considered 80 percent adherence rate as feasible
(Khan et al., 2020). Furthermore, in clinical trials, an adherence rate of 80 percent is
typically considered adequate (Kim, Combs, Downs, & Tillman, 2018).
Acceptability
The perceived acceptability of the study protocol to participants was evaluated using
the Treatment Acceptability and Preference (TAP) scale (Sidani et al., 2009). Prior
research demonstrates that the TAP scale has internal consistency reliability with
Cronbach alpha >.80 and factorial validity (Sidani et al., 2009). The scale measured
participant’s perceived acceptability of the music intervention on a 5-point self-report
Likert-style scale ranging from 0 (not at all) to 4 (very much) in four domains:
appropriateness, effectiveness, suitability as a treatment, and willingness to adhere. The
total scale score was derived as the average of the four item scores to indicate the degree

72
of treatment acceptance. The total scale scores ranged from 0 (low acceptability) to 4
(high acceptability), with high scores indicating high acceptability (Sidani et al., 2009).
An additional open-ended question was added to the TAP scale to evaluate the presence
and severity of possible side effects. A priori, the protocol was considered acceptable
with a total TAP scale score greater than or equal to 3.
Clinical Pain
Clinical pain was measured via the Numeric Rating Scale (NRS) for pain, designed to
measure pain intensity in adults (Childs et al., 2005). The 101-point version of the NRS
with terminal descriptions of 0 (no pain) to 100 (worst pain imaginable) was used. The
NRS has demonstrated evidence of reliability and validity in adult populations. The testretest reliability of NRS in chronic pain patients is estimated at r = .95 with a good
correlation with the visual analog scale estimated at r = 0.71 to r = 0.78 (Ferraz et al.,
1990). The NRS was scored by asking the respondent to select a number on the
continuum from 0 (no pain) to 100 (worst pain imaginable) to represent their pain. The
NRS has been used in assessing clinical pain in recent studies with satisfactory outcomes
(Ahn et al., 2017, 2019, 2020).
Physiological Data
During fNIRS and HRV data collection, participants were placed in a prone
position on a massage table. Mechanical pressure was applied to their right lower back
via a handheld digital pressure algometer (Wagner, Greenwich, CT, USA) in a block
design paradigm, consisting of a series of six stimuli with each lasting for 20 seconds
followed by an interstimulus interval of 30 seconds where no stimulus was applied. A 60
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second period during which no pressure stimulus was applied preceded the first stimulus
and also after the last stimulation. In all, the stimulation lasted for 690 seconds.
Functional Near-Infrared Spectroscopy (fNIRS). fNIRS is a non-invasive,
portable, and inexpensive optical imaging method for assessing cerebral hemodynamic
changes, making it a good fit for pain research (Boas et al., 2014; Peng et al., 2018; Yucel
et al., 2015). The fNIRS neuroimaging technology examines brain functions by indirectly
assessing regional blood flow and tissue oxygenation through changes in light absorption
using near-infrared light. The changes in light absorption are influenced by changes in the
concentration of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR;
Hill & Bohil, 2016; Scholkmann et al., 2014). Pain-related cortical response data were
measured with a continuous-wave, multichannel function Near-Infrared Spectroscopy
(fNIRS) imaging system (LIGHTNIRS, Shimadzu, Kyoto, Japan). The instrument has
eight light sources and eight detectors coupled to a head-fitting headgear by optical
fibers. Each source employs three semiconductor lasers operating at 780nm, 805nm, and
830nm wavelength. The probe, which included 16 optodes (8 sources and 8 detectors),
yielding 10 channels, was attached to the participant’s scalp in a geometrical pattern that
covered the primary motor and somatosensory cortices on each hemisphere with eight
optical emitters/detectors on each side. This probe placement arrangement is comparable
to optode placement arrangements used in prior studies (Pollonini et al., 2020; Sorkpor et
al., 2019; Yucel et al., 2015).
Heart Rate Variability (HRV). HRV represents the variability in the interval
between successive heartbeats. It provides an indirect measure for evaluating the
activities of the autonomic nervous system (Adler-Neal et al., 2019; Appelhans &
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Luecken, 2006; McCraty & Shaffer, 2015; Shaffer et al., 2014). Reduced HRV and other
dysregulations of the autonomic nervous system have been implicated in the etiology of
various chronic pain conditions, including LBP (Meeus et al., 2013; Tracy et al., 2016).
Therefore, therapies directed at increasing HRV in LPB conditions could promote proper
functioning of the central autonomic network, which is critical for the activation of pain
inhibitory pathways in the central nervous system. (Thayer et al., 2009). The HRV data
were acquired using the BIOPAC MP160 system and AcqKnowledge software version
5.0 signal analysis software (Biopac Systems, Inc., Goleta, USA) following the
recommendations by the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology Task Force (Task Force of the European Society
of Cardiology, 1996). The electrocardiogram (ECG) data were acquired using a lead II
arrangement consisting of three electrodes. The negative electrode was placed under the
right collar bone, the positive electrode beneath the left rib cage, and the ground electrode
beneath the right ribs, as recommended by BIOPAC (see https://www.biopac.com/wpcontent/uploads/ECG-Guide.pdf). The HRV data were continuously recorded for each
participant at baseline and final visit during the six-minute experimental pain procedure.
To evaluate Pressure Pain Threshold (PPT), a handheld digital pressure algometer
with a 1 cm diameter flat robber probe (Wagner, Greenwich, CT) was used to apply the
test stimulus. The probe of the algometer was placed orthogonally on the intercristal line
(the Jacoby line), 5 cm to the left of the median line on the lower back, consistent with
stimulation targets used in previous studies (Kaneko et al., 2017; Kobayashi et al., 2009;
Matsuo et al., 2017). Manual pressure was applied to the algometer at a rate of
approximately 0.3 kgf/cm2 per second until participants alerted the experimenter of their
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first perceived sensation of the stimulus as painful. The corresponding pressure of the
painful sensation was recorded as the PPT. Pressure algometry has demonstrated
reliability and validity in previous studies (Balaguier et al., 2016; Srimurugan Pratheep et
al., 2018).
Conditioned Pain Modulation (CPM) was obtained at baseline and after the final
music intervention. CPM was assessed as a measure of descending pain inhibition by
determining the change in PPT (test stimulus) on the lower back after the immersion of
the left hand up to the wrist in a cold-water bath (conditioning stimulus; Neslab,
Portsmouth, NH) maintained at 12°C for one minute. At thirty seconds following hand
immersion, participants rated their cold pain severity from the immersed hand on a 101point NRS. CPM was then estimated as an increase in PPT after hand immersion in the
cold water. This CPM paradigm is consistent with previous pain studies in similar patient
populations (Ahn et al., 2018, 2019). CPM has demonstrated exceptional intrasession
reliability with intra-class coefficients of 0.75. (Lewis et al., 2012).
Data Analysis
Participants’ demographic characteristics and intervention feasibility were analyzed
using descriptive statistics such as the frequency, percentage, mean, and standard
deviation. The Shapiro-Wilk test and visual inspection of respective histograms revealed
that with the exception of NRS scores, which were normally distributed, the TAP scale
scores, CPM, PPT, and cold pain measurements deviated from a normal distribution.
Therefore, the Wilcoxon signed-rank nonparametric test was used to compare the pain
scores (NRS) before and after listening to the music intervention. The effect sizes were
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determined using Rosenthal’s formula (R = Z/2N), similar to the analysis performed by
Ahn et al. (2019), where Z is the z-score obtained by dividing the Wilcoxon signed-rank
test statistic by its standard deviation and N is the number of participants. Repeatedmeasures analysis of variance (ANOVA) was used to evaluate the effect of the music
intervention on pain ratings measured by the NRS over time (baseline, days 1, 2, 3, 4, and
post-intervention). Post hoc pairwise comparison was performed with Bonferroni
correction for the ANOVA.
The fNIRS data were analyzed in two stages. First, data quality validation was
performed, followed by statistical analysis, which included six different analyses: a
mixed-effects model with a univariate approach for HbO2 and HHR variables separately,
a mixed-effects model with multivariate (joint HbO2-HHR) approach, and a t-test
contrast (post – pre) over HbO2 and HHR variables. The three approaches were
conducted over the data set with and without channel pruning. In the data quality
validation phase, the raw optical data were visually inspected, and channels containing
artifacts (e.g., noisy scans from movement artifacts) were manually removed. Then, using
quantitative techniques (Quality Testing of Near-Infrared Scans) previously demonstrated
to be effective in detecting movement artifact and noisy optical signals resulting from
poor optode to scalp contact, additional low-quality recordings and motion artifacts were
identified and excluded from the analysis (Hernandez & Pollonini, 2020; Pollonini et al.,
2014, 2016). As a result, 13 scans representing the pre-and post-intervention scans of
subjects 1, 3, 10, 11, 12, 17, and only the pre-intervention scan of subject 16 were
identified as overly noisy and excluded from the statistical analysis. Four additional scans
representing the pre-and post-intervention scans of subjects 4 and 5 were excluded

77
because they did not complete baseline fNIRS scans due to their hairstyles that impeded
fNIRS data capture (one had a hair extension, and the other had braids). The parameters
used in Quality Testing of Near-Infrared Scans were Scalp Coupling Index = 0.6, Peak
Spectral Power = 0.1, Quality threshold = 0.7, and cardiac pulsation frequencies: [0.5,
2.5].
In the statistical analysis phase, the AnalyzIR software was utilized (Santosa et
al., 2018), with all code execution accomplished in MATLAB (Natick, MA, USA). The
remaining raw optical data were transformed to optical density and subsequently to
changes in oxygenated (HbO) and deoxygenated hemoglobin (HbR) concentrations over
time using the modified Beer-Lambert law (Cope & Delpy, 1988; Delpy et al.,
1988). The changes in cortical hemodynamic activity in response to mechanical
stimulation of the lower back, as measured by changes in HbO and HbR over time, were
assessed using a general linear model based on an autoregressive iteratively reweighted
least squares (AR-IWLS) approach. This approach was first proposed by Barker et al. (
2013) and has recently been used in related chronic pain studies ( Pollonini et al., 2020).
With this approach, only optical channels with regression coefficient β, which differs
statistically from zero, were deemed to be significantly active. Group-level analyses were
performed using a mixed effect model to examine the relationship between the estimated
beta coefficients of each optical channel and the interaction of time and treatment with
the subject-specific intercept value treated as a random variable. In the multivariate
analysis, a Hotelling’s T square test was performed on both HbO2 and HHb. Finally, a ttest was used to determine whether the strength of activation (beta values) in the posttreatment scans was greater than that observed in the pre-treatment scans (post > pre).
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The HRV data were preprocessed using proprietary functionalities in
AcqKnowledge software version 5.0 (Biopac Systems, Inc, Goleta, USA). First, the data
were subjected to a bandpass filter ranging from 0.5 to 35 Hz, which facilitated the
detection of QRS peaks. After that, the data was visually inspected for artifacts, and those
that were found were removed. The remaining data were further preprocessed using a
template matching algorithm to identify and retrieve the best ECG R-R interval data. The
extracted R-R interval data were exported into SPSS 28.0 software package for Windows
(SPSS, Chicago, IL, USA) and then z-score transformed. Values with absolute z-scores
greater than 2 were considered as outliers and discarded. Finally, some commonly
reported time-domain HRV indices which are often used to evaluate HRV data were
computed. These include the mean interbeat intervals between all successive heartbeats
(mean RR interval), mean heart rate (mean HR), standard deviation of the average
Normal-to-Normal (NN) inter-beat intervals (SDNN), and the root mean square of
successive RR interval differences (RMSSD). All these we calculated with an in-house
python script. See appendix for python script.
CPM was measured as an increase in PPT on the right lower back following a
one-minute immersion of the left hand up to the wrist in a cold-water bath (Neslab,
Portsmouth, NH), maintained at 12 degrees Celsius. The CPM was calculated for each
participant as the difference between the pre-and post-cold-water immersion PPT, with a
positive value indicating a decrease in pain. The pre-and post-music intervention CPM
were compared using the Wilcoxon signed-rank test.
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Results
Participants
The baseline and demographic characteristics of the participants are shown in Table
1. Although participant recruitment was not limited to only one race, all participants were
African American/Black with a mean age (standard deviation [SD]) of 70 (5.04) years.
This could be attributed to recommendations from early study participants who were
African Americans and shared study flyers with their friends on social media platforms
and church bulletin boards. Of the 20 participants who completed the study requirements,
13 (65%) were female, 5 (25%) were divorced, and 12 (60%) had a minimum of four
years of college education.
Feasibility
During the two-month recruitment period, a total of 21 eligible individuals were
approached (see Figure 1). Of these, one declined to participate in the study. The refusal
to participate was due to the lack of transportation to commute to and from the study
center. As such, 20 participants were enrolled, and all 20 completed the study
requirements. Consequently, the enrollment, adherence, and attrition rates were estimated
as (95.25%, 100.00%, and 0.00% respectively.
Acceptability
There were no negative side effects reported by any of the participants. Of all the
participants who completed the intervention (n = 20), the majority recorded a total TAP
score of 3 or greater. Participants scoring 3 or greater on the total TAP scale score during
the pre-intervention assessment compared to post-intervention assessment were (80.00%;
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CI = 56.34, 94.27) and (90.00%; CI = 68.30, 98.76), respectively. After completing the
study requirements, more participants rated the protocol as being acceptable (M = 3.39,
SD = .58) compared to their perception of the intervention before undergoing the
intervention (M = 3.29, SD = .64) [t (19) = 7.72, p = 0.10]. Table 2 summarizes the
participants’ treatment acceptability and preference ratings.
Clinical Pain Severity
Due to violations of the assumption of sphericity, a univariate repeated measure
ANOVA with the Greenhouse-Geiser correction revealed that participants who listened
to 20 minutes of their preferred music twice daily experienced a significant change in
NRS score [F (2.36, 44.88) = 5.61, p = .004, Partial Eta Squared = .23]. Notwithstanding
the significant p-value (p =.004) reported above, the associated error bars shown in
Figure 2 show that the decline in mean NRS scores was not significantly different from
each other, as evidenced by the overlap between the error bars. A post hoc pairwise
comparison with adjustment for multiple comparisons using the Bonferroni correction
showed a significant decrease in pain scores between day 2 (day one of music listening)
and days 4, 5, 6, p = .023, p = .002, and p = .006, respectively. Similarly, the decrease in
pain severity as rated on the NRS was significant between day 3 and day 5 (last day of
music intervention), p = .002.
fNIRS
The results show a significant difference in cortical activation patterns in response
to pressure stimuli to the lower back. These brain activation patterns were particularly
pronounced in the somatosensory regions of the brain, with post-intervention scans
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revealing a significant decrease in hemodynamic activities in these regions. Figure 3
depicts differences in cortical hemodynamic activity for HbO and HbR in response to
pressure pain to the right lower back in participants before and after music intervention.
The observed reductions were more pronounced when the data set was considered after
channel pruning and for the multivariate test.
HRV
HRV measures of all participants are summarized in Table 3. The pre-and postintervention means inter-beat intervals between all successive heartbeats (R-R interval)
were 988.13 and 641.01, respectively. The pre-intervention and post-intervention
standard deviations of normal-to-normal R-R intervals (SDNN) and the root mean square
of successive differences between normal heartbeats (RMSSD) were 108.36: 159.89 and
116.74: 231.47, respectively. The increase in RMDSS, a major HRV metric from
baseline to post-intervention, suggests that the intervention had an impact on the
autonomic function, which is thought to play a role in the pathogenesis of several chronic
pain conditions, including LBP (Fournié et al., 2021; Makovac et al., 2021). In a healthy
heart, variations in heart rate are expected due to the balance between the sympathetic
nervous system and parasympathetic parts of the autonomous nervous system. Deviations
from this norm are manifested as changes in heart rate variability with decreased RMDSS
associated with stress and illness conditions such as LBP (Makovac et al., 2021).
CPM
The Wilcoxon signed-rank test results showed that listening to preferred music for
20 minutes twice a day for four consecutive days resulted in a nonsignificant but
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marginal decrease in CPM pain scores in older adults with LBP (Z = -.09, p =.93).
Similarly, the reduction in pain sensitivity following the intervention, as measured by
NRS, was marginal but not statistically significant. (Z = -1.04; p =.30, Rosenthal's R
=.16). The mean CPM before and after the music intervention were.90 and.85,
respectively. PPT, on the other hand, was significantly reduced following the music
intervention (Z = -2.24, p =.03, Rosenthal's R = 0.36). Table 4 shows the comparison of
baseline and post-intervention CPM measures.
Discussion
To the author’s knowledge, the current study is the first to simultaneously
investigate the feasibility and acceptability of home-based, remotely-monitored, preferred
music listening intervention in older adults with LBP, as well as changes in pain-related
physiological markers such as cerebral hemodynamic activity, HRV, and CPM. The
primary aim of the study was to determine if listening to one’s preferred music at home to
relieve pain in older adults with LBP was feasible and acceptable. Another goal was to
see if music could alleviate pain and influence pain-related physiological markers such as
cerebral hemodynamic activity, HRV, and CPM.
The results from this study indicate that older adults 65 years or older with LBP
who listened to 20 minutes of their preferred music at home twice daily for four
consecutive days found it feasible and acceptable as a form of therapy for pain relief.
Post-music intervention clinical pain sensitivity measures were marginally reduced
compared to baseline pain measures (a decrease in NRS). In addition, when compared to
baseline fNIRS measurements, substantial reductions in cortical hemodynamic activation
patterns were detected in the somatosensory regions after the music intervention (changes
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in HbO and HbR concentration). Furthermore, CPM measurements revealed a marginal
reduction in NRS scores (pain sensitivity). Additionally, an increase in RMSSD, a crucial
HRV assessment indicator following the music intervention, indicated improvement in
the balance between the sympathetic nervous system and the parasympathetic
autonomous nervous system, which is an essential prerequisite for effective exogenous
pain modulation.
Enrollment, adherence, and attrition rates were considerably greater than the a
priori defined feasibility thresholds of 80% or greater for enrollment and adherence and
20% or less for attrition. All 20 participants were recruited within two months, which far
exceeded the six-month anticipated recruitment time for the study. Also, a sizable
proportion of participants (90%) indicated that the intervention was appropriate,
effective, and suitable for treating their pain, as well as their willingness to adhere to this
regimen to manage their pain.
These findings are consistent with previous research, suggesting a relationship
between home-based music interventions and the modulation of pain in older adult
chronic pain patients. For example, a recent randomized controlled trial among residents
of older adult care homes discovered that listening to 30-minutes of preferred music daily
for three weeks significantly reduced pain (Costa et al., 2018). In another related
randomized controlled study among older nursing home residents, the authors reported a
significant reduction in pain among those who listened to music compared to those who
did not (Castillejos & Godoy‐Izquierdo, 2021). Moreover, several recent meta-analytic
studies have also shown that music listening has analgesic properties (Martin-Saavedra et
al., 2018; Sorkpor et al., 2021). Similarly, the changes in physiological pain markers such
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as fNIRS, CPM, and HRV are consistent with previous research that used these markers
to explore pain perception in response to pain treatments (Forte et al., 2022; Karunakaran
et al., 2021; Pollonini et al., 2020a; Pollonini et al., 2020b). These findings support the
current study's central hypothesis, which asserted that in older adults with LBP, listening
to their preferred music could reduce clinical pain and alter pain-related physiological
responses via mechanisms thought to reverse dysregulation in the natural pain
modulation pathway. These findings further add to the growing body of literature
investigating the possibility of using these physiological markers (fNIRS, CPM, and
HRV) as objective pain measures.
Although the current study demonstrated the feasibility and acceptability of music
listening to relieve pain and improve well-being and quality of life in older adults, the
active mechanisms underlying music-induced analgesia is not fully understood (GarzaVillarreal et al., 2014; Linnemann et al., 2015). Hitherto, music listening interventions are
thought to relieve pain by targeting pain-related brain networks via mechanisms that
facilitate the reversal of neural plasticity and other impairments to the central nervous
system's natural pain regulation pathways, as seen in chronic pain conditions such as LPB
(Doan et al., 2015; Karunakaran et al., 2021; Kregel et al., 2015). As a result, the current
study contributes to the body of knowledge, paving the way for future research into the
underlying mechanism of music-induced analgesia.
Limitations
Despite the extensive effort to assure the integrity of the current study, it is
equally vital to recognize that the current study has limitations. First, there was no control
group, which limits the ability to ascertain if improvement noted in pain relief was due to
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listening to the music intervention as opposed to other factors such as standard care. As a
result, these preliminary findings must be interpreted with considerable caution. Second,
the sample size was small, therefore, reducing the statistical ability to detect significant
changes when they occurred. However, the current study was designed as a pilot study
assessing feasibility and acceptability, and as such, it is not uncommon for small samples
sizes to be used in these types of studies. This protocol, having been deemed feasible and
acceptable, may need to be repeated with a larger sample. Third, despite the desire to
standardize the intervention time among participants, this was not achieved since each
participant had a distinct daily schedule that had to be taken into consideration. As a
result, the time intervals between music listening sessions varied slightly from day to day
and among participants. However, this circumstance closely resembles real-life scenarios
in the lives of older adults; therefore, it cannot be completely controlled for. Finally,
because our sample was largely African American females, with no representation of
other racial and ethnic groups, the results may not be generalizable to the general
population of older adults.
Implications for Research
The results of this study lay a solid platform for future research. First, future large
randomized controlled trials in multiethnic populations are needed to validate and extend
these preliminary findings of the analgesic effects of home-based self-directed preferred
music listening to relieve pain in older adults with LBP. This need for more research on
the topic is backed by the current state of knowledge, as evidenced by the feasibility and
acceptability outcomes in the current study. Second, the need to examine the potential
underlying mechanisms that contribute to the efficacy of home-based self-directed
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preferred music listening on clinical pain in older adults with LBP is warranted, given its
feasibility and acceptability among this population. The author intends to investigate
gender differences in pain modulation using passive music intervention among older
adults with LBP in the future, using quantitative methods such as fNIRS, CPM, and HRV
to assess pain in a large and diverse population.
Implications for Clinical Practice
As music listening therapies have demonstrated a promising effect on pain and are
readily available with minimal to no documented adverse effects, integrating music
listening interventions into the management of pain in older adults with LBP can
dramatically improve their pain and quality of life. Clinicians are encouraged to
familiarize themselves with the literature on music-induced analgesia to better educate
their patients on its benefits and how to properly use music to relieve their pain. In
jurisdictions where nurses can recommend music listening as an adjuvant therapy to their
homebound patients without violating their scope of practice, they are strongly urged to
make such recommendations to help improve the quality of life of their patients.
Conclusions
The current study suggested that home-based self-directed preferred music
listening is a feasible and acceptable intervention for reducing pain in older adults with
LBP, aged 65 years or older. Also, listening to preferred music at home resulted in
considerable reductions in clinical pain sensitivity. Furthermore, the effects of music on
pain were evident on selected pain-related physiological markers, indicating that these
markers may be useful in assessing pain in future studies. This study adds to the growing
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body of evidence in support of home-based nonpharmacologic therapies such as preferred
music listening. Future studies with larger ethnically diverse samples utilizing robust
study designs such as randomized, double-blind placebo control methods are needed to
replicate and extend these findings and to investigate the underlying mechanism behind
music-induced analgesia.
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Table 1
Participant Characteristics
Variable

Total
n (%)

Age, year, mean (SD)

71.6 (5.04)

Gender, n (%)
Male
Female

7 (35)
13 (65)

Race, n (%)
African American

20 (100)

Education, n (%)
High School diploma
Two- year college degree
Four-year college degree
Master’s degree

1 (5)
7 (25
6 (30)
6 (30)

Marital Status
Divorced
Don’t know
Living with partner
Married
Never married
Widowed

5 (25)
1 (5)
2 (10)
5 (25)
3 (15)
4 (20)
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Table 2
Comparison of Baseline and Post-Intervention Treatment Acceptability and Preference
(TAP) Scale Measures

Q1.
Q2.
Q3.

Q4.
Q5.

TAP Scale Questionnaires

Baseline
(n = 20)

PostIntervention
(n = 20)

How effective do you think this treatment will
be in improving your back pain?
How acceptable/logical does this treatment seem
to you?
How suitable/appropriate does this
treatment/assessment seem to be to your back
pain?
How willing are you to comply with this
treatment?
List any side affects you experienced with this
intervention
Total TAP Score:

3.05 ± .95

3.15 ± .93

3.25 ± .91

3.45 ± .76

3.15 ± .81

3.30 ± .92

3.85 ± .37

3.85 ± .37

_
3.29 ± .65

none
3.39 ± .58

Note. Mean ± standard deviation are presented in the baseline and pre-intervention
columns. The scale was scored as 0, not at all; 1, somewhat not; 2, neutral ; 3, somewhat
probable; and 4, very much.
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Table 3
Comparison of Pre-Intervention and Post-Intervention Autonomic Function
Variable

Mean RR
SDNN
Mean HR
STD HR
RMSSD
NN50
pNN50

Units

Pre-Intervention
Value

Post-Intervention
Value

(ms)
(ms)
(1/min)
(1/min)
(ms)
(count)
(%)

988.13
108.36
60.72
108.36
116
34.00
26.77

642.01
159.87
93.46
231.47
27.00
33.75

Note. RR intervals, interbeat intervals between all successive heartbeats; SDNN, standard
deviation of normal to normal R-R intervals; HR, heart rate; RMSSD, root mean square
of successive differences between normal heartbeats; NN50, the number of adjacent NN
intervals that differ by more than 50 ms; pNN50, percentage of successive RR intervals
that differ by more than 50 ms.

Table 4
Comparison of Baseline and Post-Intervention Measures
Variable

PreIntervention

PostIntervention

Z-score

Effect
size R

p-value

CPM, M ± SD
PPT, M ± SD
Cold pain, M ± SD

.90 ± .98
2.50 ± .93
66.50 ± 21.77

.84 ± 063
2.07 ± .82
62.05 ±23.91

-.09
-2.24
-1.04

.01
.36
.16

.93
.03
.30

Note. M, mean; SD, standard deviation PPT, pressure pain threshold; CPM, conditioned
pain modulation. R, Rosenthal’s R, Cold pain intensity was measured from 0 to 100
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Figure 1
Participant Flow Diagram

Assessed for
eligibility (n = 21)
Declined to participate

•
Enrolled (n = 20)

Completed all study
visits (n = 20)

Not interested (n = 1)
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Figure 2
Profile Plots: Displaying the Mean NRS Score at Each of the Assessment Points with
Associated Standard Deviation Error Bars
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Figure 3
Cortical Hemodynamic Activity in Optical Channels

t-stat
(a)
(a)

Hbo
HbO

(b)
(b)

t-stat

HbR

HbR

Note. Functionally active optical channel (colored links) for (a) HbO and (b) HbR in
response to pressure stimulation to the right lower back measured in participants before
and after music intervention. Only channels with statistically significant values (p-value
<0.05) are shown as solid, thicker lines.
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Appendix

Custon Python Code for HRV analysis
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Custom Python Code for HRV analysis

#!/usr/bin/env python3
# -*- coding: utf-8 -*"""
Created on Tue Mar 8 15:03:32 2022
# data science libraries
import pandas as pd
import numpy as np
import matplotlib.pyplot as plt
import seaborn as sns
# signal processing
from scipy.ndimage import label
from scipy.stats import zscore
# style settings
sns.set(style='whitegrid', rc={'axes.facecolor': '#EFF2F7'})
# sample frequency for ECG sensor
settings = {}
settings['fs'] = 500
df = pd.read_csv("PostData.csv")
plt.figure(figsize=(20, 7))
start = 0
stop = 200000
duration = (stop-start) / settings['fs']
plt.title("ECG signal, slice of %.1f seconds" % duration)
plt.plot(df[start:stop].index, df[start:stop].heartrate, color="#51A6D8", linewidth=1)
plt.xlabel("Time (ms)", fontsize=16)
plt.ylabel("Amplitude (arbitrary unit)")
plt.show()
def detect_peaks(ecg_signal, threshold=0.3, qrs_filter=None):
'''
Peak detection algorithm using cross corrrelation and threshold
'''
if qrs_filter is None:
# create default qrs filter, which is just a part of the sine function
t = np.linspace(1.5 * np.pi, 3.5 * np.pi, 15)
qrs_filter = np.sin(t)
# normalize data
ecg_signal = (ecg_signal - ecg_signal.mean()) / ecg_signal.std()
# calculate cross correlation
similarity = np.correlate(ecg_signal, qrs_filter, mode="same")
similarity = similarity / np.max(similarity)
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# return peaks (values in ms) using threshold
return ecg_signal[similarity > threshold].index, similarity
def get_plot_ranges(start=10, end=20, n=5):
'''
Make an iterator that divides into n or n+1 ranges.
- if end-start is divisible by steps, return n ranges
- if end-start is not divisible by steps, return n+1 ranges, where the last range is
smaller and ends at n
'''
distance = end - start
for i in np.arange(start, end, np.floor(distance/n)):
yield (int(i), int(np.minimum(end, np.floor(distance/n) + i)))
sampfrom = 60000
sampto = 70000
nr_plots = 1
for start, stop in get_plot_ranges(sampfrom, sampto, nr_plots):
# get slice data of ECG data
cond_slice = (df.index >= start) & (df.index < stop)
ecg_slice = df.heartrate[cond_slice]
# detect peaks
peaks, similarity = detect_peaks(ecg_slice, threshold=0.3)
# plot similarity
plt.figure(figsize=(20, 15))
plt.subplot(211)
plt.title("ECG signal with found peaks")
plt.plot(ecg_slice.index, ecg_slice, label="ECG", color="#51A6D8", linewidth=1)
plt.plot(peaks, np.repeat(600, peaks.shape[0]), label="peaks", color="orange",
marker="o", linestyle="None")
plt.legend(loc="upper right")
plt.xlabel("Time (milliseconds)")
plt.ylabel("Amplitude (arbitrary unit)")
plt.subplot(212)
plt.title('Similarity with QRS template')
plt.plot(ecg_slice.index, similarity, label="Similarity with QRS filter", color="olive",
linewidth=1)
plt.legend(loc="upper right")
plt.xlabel("Time (milliseconds)")
plt.ylabel("Similarity (normalized)")
def group_peaks(p, threshold=5):
'''
The peak detection algorithm finds multiple peaks for each QRS complex.
Here we group collections of peaks that are very near (within threshold) and we take
the median index
'''
# initialize output
output = np.empty(0)

114
# label groups of sample that belong to the same peak
peak_groups, num_groups = label(np.diff(p) < threshold)
# iterate through groups and take the mean as peak index
for i in np.unique(peak_groups)[1:]:
peak_group = p[np.where(peak_groups == i)]
output = np.append(output, np.median(peak_group))
return output
# detect peaks
peaks, similarity = detect_peaks(df.heartrate, threshold=0.3)
# group peaks
grouped_peaks = group_peaks(peaks)
# plot peaks
plt.figure(figsize=(20, 7))
plt.title("Group similar peaks together")
plt.plot(df.index, df.heartrate, label="ECG", color="#51A6D8", linewidth=2)
plt.plot(peaks, np.repeat(600, peaks.shape[0]),label="samples above threshold (found
peaks)", color="orange", marker="o", linestyle="None")
plt.plot(grouped_peaks, np.repeat(620, grouped_peaks.shape[0]), label="median of found
peaks", color="k", marker="v", linestyle="None")
plt.legend(loc="upper right")
plt.xlabel("Time (ms)")
plt.ylabel("Amplitude (arbitrary unit)")
plt.gca().set_xlim(0, 200)
plt.show()
# detect peaks
peaks, similarity = detect_peaks(df.heartrate, threshold=0.3)
# group peaks so we get a single peak per beat (hopefully)
grouped_peaks = group_peaks(peaks)
# RR-intervals are the differences between successive peaks
rr = np.diff(grouped_peaks)
# plot RR-intervals
plt.figure(figsize=(20, 7))
plt.title("RR-intervals")
plt.xlabel("Time (ms)")
plt.ylabel("RR-interval (ms)")
plt.plot(np.cumsum(rr), rr, label="RR-interval", color="#A651D8")
plt.show()
plt.figure(figsize=(20, 7))
rr_corrected = rr.copy()
rr_corrected[np.abs(zscore(rr)) > 2] = np.median(rr)
plt.title("RR-intervals")
plt.xlabel("Time (ms)")
plt.ylabel("RR-interval (ms)")
plt.plot(rr, color="red", label="RR-intervals")
plt.plot(rr_corrected, color="green", label="RR-intervals after correction")
plt.legend()
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plt.show()
sampfrom = 2000000
sampto = 11000000
nr_plots = 1
# detect peaks
peaks, similarity = detect_peaks(df.heartrate, threshold=0.3)
# group peaks so we get a single peak per beat (hopefully)
grouped_peaks = group_peaks(peaks)
# RR-intervals are the differences between successive peaks
rr = np.diff(grouped_peaks)
for start, stop in get_plot_ranges(sampfrom, sampto, nr_plots):
# plot similarity
plt.figure(figsize=(20, 10))
plt.title("ECG signal & RR-intervals")
plt.plot(df.index, df.heartrate, label="ECG", color="#51A6D8", linewidth=1)
plt.plot(grouped_peaks, np.repeat(600, grouped_peaks.shape[0]), markersize=10,
label="Found peaks", color="orange", marker="o", linestyle="None")
plt.legend(loc="upper left")
plt.xlabel("Time (milliseconds)", fontsize=16)
plt.ylabel("Amplitude (arbitrary unit)", fontsize=16)
plt.gca().set_ylim(400, 800)
ax2 = plt.gca().twinx()
#ax2.plot(np.cumsum(rr_manual)+peaks[0], rr_manual, label="Corrected RRintervals", fillstyle="none", color="#A651D8", markeredgewidth=1, marker="o",
markersize=12)
ax2.plot(np.cumsum(rr)+peaks[0], rr, label="RR-intervals", color="k", linewidth=2,
marker=".", markersize=8)
ax2.set_xlim(start, stop)
ax2.set_ylim(-2000, 2000)
ax2.legend(loc="upper right")
plt.xlabel("Time (ms)")
plt.ylabel("RR-interval (ms)")
def timedomain(rr):
results = {}
hr = 60000/rr
results['Mean RR (ms)'] = np.mean(rr)
results['STD RR/SDNN (ms)'] = np.std(rr)
results['Mean HR (Kubios\' style) (beats/min)'] = 60000/np.mean(rr)
results['Mean HR (beats/min)'] = np.mean(hr)
results['STD HR (beats/min)'] = np.std(hr)
results['Min HR (beats/min)'] = np.min(hr)
results['Max HR (beats/min)'] = np.max(hr)
results['RMSSD (ms)'] = np.sqrt(np.mean(np.square(np.diff(rr))))
results['NNxx'] = np.sum(np.abs(np.diff(rr)) > 50)*1
results['pNNxx (%)'] = 100 * np.sum((np.abs(np.diff(rr)) > 50)*1) / len(rr)
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return results
print("Time domain metrics - automatically corrected RR-intervals:")
for k, v in timedomain(rr).items():
print("- %s: %.2f" % (k, v))
print()
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